TiO 2 nanotubes with outer diameters of ϳ10 nm and lengths of several hundreds nanometer were synthesized by the hydrothermal method. The morphology of the nanotubes was thoroughly examined using scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. The composition and structure of tubular materials were determined by energy dispersive x-ray spectroscopy, selected area electron diffraction pattern, and x-ray diffraction ͑XRD͒. XRD results confirmed that the nanotubes are composed of pure anstase TiO 2 . Both TEM and the BarrettJoyner-Halenda methods indicated that the inner diameters of the nanotubes are around 7 nm. In addition, the hybrid of poly͑3-hexylthiophene͒ and TiO 2 nanotube were prepared by the oxidative polymerization of 3-hexylthiophene in the presence of TiO 2 nanotubes. The obtained composites were characterized by SEM, Fourier transformed infrared spectroscopy, and thermal gravimetric analysis.
I. INTRODUCTION
Titanium dioxide has attracted considerable attention owing to its great potential for application in a wide range of areas such as catalysis, 1 photocatalyst, 2 and dye-sensitized solar cells. 3 Recently, much effort has been made to produce TiO 2 nanotubes with a large surface area and high photocatalytic activity. TiO 2 nanotubes have been synthesized using porous anodic alumina membranes 4 or organogel 5 as templates via the sol-gel method. Additionally, polymer fibers can be used as templates, after coating them with titanium oxide by the sol-gel method and thermally removing the polymer to yield TiO 2 nanotubes. 6 Recently, very small TiO 2 nanotubes have been synthesized by the hydrothermal treatment of a hydrolysate obtained from TiCl 4 with caustic soda. 7 Highly ordered TiO 2 nanotube arrays have been developed by using TiO 2 particles as seed, and nanotubes have been grown on Ti substrates following treatment with a concentrated NaOH solution. 8 However, the structure and formation mechanism of TiO 2 nanotubes have not yet been elucidated.
In a photovoltaic cell, excitons produced in organic films can typically travel less than 20 nm before recombination. 9, 10 Accordingly, the organic semiconductor must be mixed on the nanometer scale with the electron acceptor to ensure a high charge separation. TiO 2 has been used as an electron acceptor and transporter, because it has high electron mobility and excellent thermal stability. 11, 12 An efficient transport of electrons inside the photoactive matrix depends on the electron channel's being continuous. Therefore, onedimensional nanotubes are preferable because they naturally provide a direct path for electrical transport. In 2002, Huynh et al. demonstrated a P3HT / CdSe nanorod device with solar power efficiency of up to 1.7%. 13 This work presents the synthesis of titania nanotubes via the hydrothermal method and the application of the titania nanotubes as electron acceptors for preparing titania nanotube-polythiophene nanocomposites for solar cells.
II. EXPERIMENT

A. Reagents and materials
Titanium dioxide nanoparticles ͑Nanopowder Enterprises͒, 3-hexylthiophene ͑Aldrich͒, acetone ͑Mallinckrodt͒, and n-hexane ͑Mallinckrodt͒ were used as received. Chloroform was obtained from Mallinckrodt and freshly distilled over CaH 2 prior to use. Iron ͑III͒ chloride anhydride ͑Acros͒ was vacuum dried at room temperature overnight before use.
B. Synthesis of TiO 2 nanotubes
The TiO 2 source used for producing nanotubes was commercial grade TiO 2 powder with a crystalline structure of ϳ90% anatase and 10% rutile and a Brunauer-EmmettTeller ͑BET͒ surface area of ϳ66 m 2 g −1 . In nanotube preparation, 1 g of TiO 2 powder was mixed with 20 ml of 10 N NaOH solution, and the mixture was thermally treated at 130°C in a Teflon-lined autoclave for 10 h. After it was a͒ Electronic mail: leewang@ntu.edu.tw cooled to room temperature, the filtered sample was then washed with HCl aqueous solution and distilled water numerous times until the pH of the rinsing solution was less than 7. The powder was dried at 100°C for 3 h to give the as-synthesized nanotube product.
C. Preparation of poly"3-hexylthiophene…-TiO 2 nanotube hybrids
FeCl 3 ͑0.508 g͒ was added to a 100 ml flask charged with TiO 2 ͑0.2 g͒, 3-hexylthiophene ͑0.132 g͒, and CHCl 3 ͑40 ml͒ and then stirred at room temperature for 12 h in an N 2 atmosphere. The resulting solution was added to methanol ͑150 ml͒ to induce precipitation. The product was then washed with methanol, acetone, and n-hexane until the washing was colorless. Finally, the solid was washed with chloroform and then centrifuged at 10 000 rpm, yielding a soluble part.
D. Instrument
The morphology and structure of the titanium oxide tubular materials were studied using a scanning electron microscope ͑SEM͒ ͑JEOL, JSM-6700F͒, an energy dispersive x-ray spectroscope ͑EDX͒ attached to a SEM, a transmission electron microscope ͑TEM͒ ͑Hitachi H-700͒, and selectedarea electron diffraction ͑SAED͒. The phases of the TiO 2 samples calcinated at various temperatures were identified using powder x-ray diffraction ͑XRD͒ ͑PANalytical, X'Pert PRO͒ equipped with Cu K ␣ radiation. Data were collected at scattering angles ͑2͒ from 20°to 60°with a step size of 0.01°. The pore structure of the derived TiO 2 nanotubes was characterized by N 2 adsorption at −196°C using an adsorption apparatus ͑Micrometry, Tristar 3000͒. The surface area of the samples was determined by the BET method and the pore volume was determined from the total amount of N 2 adsorbed on the sample at relative pressure near unity. The pore size distribution was analyzed using the BarrettJoyner-Halenda ͑BJH͒ method. Fourier transform infrared ͑FTIR͒ spectra of TiO 2 and the hybrids were obtained on a Jasco FT/IR-480 spectrometer. Thermogravimetric analysis ͑TGA͒ was carried out on a TA Instrument ͑Hi-Res TGA 2950͒ at a heating rate of 10°C min −1 in air.
III. RESULTS AND DISCUSSION
TiO 2 powders were hydrothermally transformed into TiO 2 nanotubes in a Teflon-lined autoclave with an alkali solution at 130°C for 10 h. Figure 1 displays SEM images of the raw material and the TiO 2 product after hydrothermal treatment. The raw material comprised granular crystals with diameters of 20-40 nm and a crystalline structure of around 90% anatase and 10% rutile and a BET surface area of approximately 66 m 2 g −1 . The structure of TiO 2 nanotubes was altered substantially from that of the raw material. The granular particles in the raw material were no longer observed, and all TiO 2 particles had been transformed into tubes. The crystals exhibited a tube-like structure with a smooth surface and an outer diameter of around 10 nm; they were several hundreds of nanometers in length. Figure 2 presents the TEM image of the as-prepared TiO 2 product after washing several times with HCl aqueous solution and distilled water. Following treatment, the product was dispersed in ethanol in an ultrasonic bath, and the suspension was dropped onto the carbon-coated copper grids for TEM analysis. TEM observation reveals that the tubes were clearly hollow with an open end. The average wall thickness and inner diameter of the TiO 2 nanotube were around 1.5 and 7 nm, respectively. The inset in Fig. 2 shows the SAED pattern recorded from a bundle of TiO 2 nanotubes. The diffraction data were consistent with PDF#211272; two diffraction rings were identified as ͑101͒ and ͑200͒ diffractions from the anatase phase of the TiO 2 crystal. The starting material, TiO 2 powder, consisted of a mixed phase of anatase and rutile. Nevertheless, no diffraction from rutile was observed.
The pore structure of the derived TiO 2 nanotubes was characterized by N 2 adsorption at −196°C using an adsorp- tion apparatus. The surface area of the samples was obtained from the BET equation. Figure 3 displays the typical isotherm of N 2 adsorption onto the TiO 2 nanotube. The isotherm exhibited a typical IUPAC type IV pattern 14 -obvious hysteresis behavior-suggesting that the products were mostly mesoporous. The specific surface area of the tubular material obtained from BET was 375 m 2 / g-much larger than that ͑66 m 2 /g͒ of the starting material, titania powder. The BJH method was applied to analyze the distribution of pore sizes. The BJH method 15 for calculating pore size distributions is one of a family of methods based on a model of the adsorbent as a collection of pores. Figure 4͑a͒ plots the pore size distribution of the starting material, TiO 2 nanoparticle, for preparing the nanotube: only one pore size distribution ranging from 2 to 6 nm was observed. Figure 4͑b͒ plots the pore size distribution of TiO 2 nanotubes. It comprised three main pore size distributions ranging from 2 to 3, 3 to 4, and 4 to 12 nm. A comparison between Figs. 4͑a͒ and 4͑b͒ implies that the smaller pores from 2 to 4 nm were associated with the interstice inside the polycrystalline walls of the nanotubes while the larger pores were associated with the interior space of the nanotubes. Furthermore, the distribution peak of the largest pore centered at around 7 nm, which was consistent with the mean inner diameter of the nanotube determined from TEM images.
EDX experiments were performed on nanotubes to determine their composition. A typical EDX spectrum of nanotubes is displayed in Fig. 5 . The spectra were composed of only Ti, O, and Si; the Si in the spectra was contributed from the silicon wafer which was used as a substrate to support the samples. Impurities such as Na and Cl could not be seen in the spectra, revealing that they were all removed by the washing procedure. This fact is very important in considering further applications of the material in fabricating electronic devices. The effects of heat treatment on the crystal structures of TiO 2 nanotubes were investigated by XRD analysis. Figures 6͑a͒ and 6͑b͒ present XRD patterns of the starting TiO 2 powder and TiO 2 nanotubes synthesized by the hydrothermal method and then treated at a particular temperature ranging from 100 to 500°C for 1 h, respectively. In contrast, the XRD pattern indicated that the as-prepared powder was in the anatase phase, and no peaks of rutile were observed; this result was the same as that obtained from SAED. Clearly, hydrothermal treatment converted the rutile in the TiO 2 particles to the anatase phase. These samples were proven to exhibit high thermal stability, and the peaks became sharper as the annealing temperature increased, revealing that the crystallinity of the anatase phase increased with the temperature of the heat treatment.
The hybrid of poly͑3-hexylthiophene͒/TiO 2 nanotube was prepared by the oxidative polymerization of 3-hexylthiophene in the presence of TiO 2 nanotubes in CHCl 3 under N 2 atmosphere using FeCl 3 as an oxidant. Figure 7 shows a SEM photograph of the thin hybrid film prepared by spin coating. It indicates that titanium dioxide nanotubes were distributed in the polymer matrix and some tubes were wrapped with polymer chains, to form microscopic aggregation. Figure 8 presents the FTIR spectra of poly͑3-hexylthiophene͒, TiO 2 nanotubes, and the poly͑3-hexylthiophene͒-TiO 2 nanohybrid. The main characteristic bands of poly͑3-hexylthiophene͒ shown in Fig. 8͑a͒ were as follows: the band at 1454 cm −1 was attributed to the symmetric C v C stretching mode; the C-H stretching mode of the thiophene rings was at 3114 cm −1 ; the band at 768 cm was indicative of C-S stretching in the thiophene ring. Other characteristic bands in the polymer corresponded to alkyl-CH 2 asymmetric and symmetric stretching were at 2922 and 2852 cm −1 . Molecularly adsorbed water on the titania nanotubes was observed at 1630 cm −1 , characteristic of bending vibrations of water molecules, 16 as shown in Fig. 8͑c͒ . Apparently, the hybrid materials possessed the main infrared absorption characteristics of poly͑3-hexylthiophene͒ in Fig. 8͑b͒ . Figure 9 shows the thermogravimetric curves of TiO 2 nanotube and poly͑3-hexylthiophene͒/TiO 2 nanotube composite. Curve ͑a͒ in Fig. 9 demonstrates that pure TiO 2 nanotubes were very stable in air and almost no decomposition occurred in the range 50-800°C; the weight changed by only approximately 4% due to the loss of molecularly adsorbed water from the surface of titania. Curve ͑b͒ is the thermal decomposition curve of the poly͑3-hexylthiophene͒/ TiO 2 nanotube hybrid. The curve indicates that a sharp weight loss began at near 260°C, and continued to 510°C. This result is associated with the thermal degradation of poly͑3-hexylthiophene͒. Poly͑3-hexylthiophene͒/TiO 2 nanotube composite underwent a weight loss of poly͑3-hexylthiophene͒ around 40%, as indicated by a comparison with curves ͑a͒ and ͑b͒ in Fig. 9 .
IV. CONCLUSIONS
Titanium dioxide nanotubes with high surface areas were successfully synthesized via a simple hydrothermal process.
SAED patterns and TEM images established that the tubes formed a polycrystalline anatase phase with open-ended morphology. The pore size distribution and the TEM images verified that the tubes had an inner diameter of ϳ7 nm. Nanohybrids of poly͑3-hexylthiophene͒ and titania nanotubes were produced and examined by SEM, FTIR, and TGA. The TiO 2 nanotube in these hybrid materials constituted a direct path for charge transport. Consequently, these materials can be further used to generate an efficient photoactive layer in organic solar cells.
